Abstract Long time series of ground-based plant phenology, as well as more than two decades of satellite-derived phenological metrics, are currently available to assess the impacts of climate variability and trends on terrestrial vegetation. Traditional plant phenology provides very accurate information on individual plant species, but with limited spatial coverage. Satellite phenology allows monitoring of terrestrial vegetation on a global scale and provides an integrative view at the landscape level. Linking the strengths of both methodologies has high potential value for climate impact studies. We compared a multispecies index from ground-observed spring phases with two types (maximum slope and threshold approach) of satellitederived start-of-season (SOS) metrics. We focus on Switzerland from 1982 to 2001 and show that temporal and spatial variability of the multispecies index correspond well with the satellite-derived metrics. All phenological metrics correlate with temperature anomalies as expected. The slope approach proved to deviate strongly from the temporal development of the ground observations as well as from the threshold-defined SOS satellite measure. The slope spring indicator is considered to indicate a different stage in vegetation development and is therefore less suited as a SOS parameter for comparative studies in relation to ground-observed phenology. Satellite-derived metrics are, however, very susceptible to snow cover, and it is suggested that this snow cover should be better accounted for by the use of newer satellite sensors.
Introduction
In the context of climate change, knowledge of climatic impacts on ecosystems has become important: recent warming trends in the northern hemisphere clearly show up in phenological time-series with earlier spring and later autumn dates (Menzel 2000; Roetzer et al. 2000; Defila and Clot 2001; Parmesan and Yohe 2003; Root et al. 2003; Studer et al. 2005) .
Since vegetation can influence the atmospheric state (Pielke 2001 ) and the surface climate (Bounoua et al. 2002) , plant phenology can have a strong biophysical control in present and future climate model simulations.
Phenological measurements are currently made via two completely different approaches. Ground-observed phenology offers a high temporal resolution and detailed information about individual species, but it has poor spatial coverage (Ricotta and Avena 2000; Schwartz et al. 2002; White et al. 2005) . Satellite-derived phenology, as a complementary observation method, offers full spatial coverage on a global scale while providing temporal information about radiative characteristics of vegetation. Satellite remote sensing allows scientists to explore phenological events at the landscape scale, while ground observations focus on the phenological performance of specific plants during the vegetation period (Reed et al. 1994; Ricotta and Avena 2000; Schwartz et al. 2002) .
Linking ground-based observations with those from space has the great potential to enhance our ability to track the biotic response to climate change (Beaubien and Hall-Beyer 2003) . To assess satellite comparability with traditional groundbased phenological observations, comparative studies are required (Chen et al. 2001; Beaubien and Hall-Beyer 2003; Braun and Hense 2004) .
Overview of traditional phenology
In several European countries, plant phenological observation networks are run by the National Weather Services and cover the second half of the twentieth century. But only in the last decade have "phenological perspectives" been rapidly incorporated into the mainstream of science, especially in relation to the needs of global change research (Schwartz 2003) . Numerous studies show evidence of a shift in plant development towards an earlier onset of spring in Europe (Menzel 2000; Roetzer et al. 2000; Defila and Clot 2001; Menzel et al. 2001; Ahas et al. 2002; Studer et al. 2005 ) and in North America (Beaubien and Freeland 2000; Schwartz and Reiter 2000; Cayan et al. 2001) . The trends towards an earlier spring onset, for several species and phases, range from 1.4 to 3.8 days/decade over the last 50 years.
For individual species, this change in phenological development could be clearly linked to changes in winter and spring air temperature (Heikinheimo and Lappalainen 1997; Ahas et al. 2000; Sparks et al. 2000; Chmielewski and Rötzer 2001; Defila and Clot 2001; Menzel 2003) . Since there is considerable variability among different plant species and phases, a general assessment of plant development responses in recent decades is difficult to generate from these studies. A more general multispecies index, as developed by Studer et al. (2005) , overcomes this problem and supports the results on the individual species scale.
Developments in satellite phenology
Since the 1980s, multi-spectral satellite observations from the National Oceanic and Atmospheric Administration's (NOAA) Polar Orbiting Environmental Satellites have provided daily global coverage datasets of visible and near-infrared surface reflectances. From these, the Normalized Difference Vegetation Index (NDVI) can be derived (Justice et al. 1985; Tucker and Sellers 1986; Reed et al. 1994) . The NDVI exploits the spectral properties of green plant leaves and is an estimate of the radiation used within the photosynthesis process occurring in leaves. The data, however, are affected by various atmospheric disturbances (aerosol, ozone and water vapour absorptions), cloud cover, solar illumination effects, instrument degradation, insufficient calibration and satellite orbit drifts (Holben 1986 ), which can be corrected (Cihlar et al. 1994; Los et al. 2000) .
Large-scale variations in NDVI have been successfully related to interannual climatic variations: temperate coastal NDVI is influenced by temperature variations while tropical, subtropical and continental NDVI is best explained by precipitation variations (Los et al. 2001) . Temperature anomalies and the North Atlantic Oscillation correlate well with the early or late growing seasons derived from European NDVI (Stöckli and Vidale 2004) . Global NDVI data can also be used to verify trends in ground-based vegetation observations. Myneni et al. (1997) investigated the 1981-1991 Advanced Very High Resolution Radiometer (AVHRR) NDVI for the northern hemisphere and detected an advance in the active growing season of 8± 3 days and a delay in the declining phase of 4±2 days over this decade. Zhou et al. (2001) looked at the northern hemisphere vegetation activity derived from AVHRR NDVI and land surface temperature records between 1981 and 1998 and found an increase in mean NDVI for Eurasia and north America.
The aim of the current study is to provide a methodology which allows an analysis of variability, trends and spatial patterns in both ground-and space-observed phenological datasets. We use different algorithms to calculate the onset of spring, based on the European Fourier-Adjusted and Interpolated (EFAI) NDVI dataset (Stöckli and Vidale 2004) and compare these satellite-derived phenological metrics to the multispecies spring index based on traditional ground observations (Studer et al. 2005) . Regarding the integrative nature of satellite-derived phenological metrics, the multispecies spring index is assumed to be a good parameter for a comparison between the two observational datasets. The next sections provide an overview of the applied methodology and present the phenological patterns for satellite and ground observations, investigated for Switzerland for the years 1982-2001.
Materials and methods

Ground dataset
The source of the observed phenology data was the Swiss phenological network consisting of a total of 69 observation stations. For the comparison with the satellite-derived phenology, the multispecies dataset for the years 1965-2002 and the methods developed by Studer et al. (2005) were used. The phenological dataset consisted of a combination of 15 spring phases representing all types of spring development stages (e.g. bud burst, beginning of flowering, full flowering) from different herb and tree species, covering the period from March to July. The phases were combined into one large multispecies dataset. The observation stations covered an altitudinal range from 200 to 1,800 m asl. To correct for the slightly uneven geographical distribution of the observation stations, all datasets were weighted by the area represented by the stations within a 50 km 2 grid cell. However, the same processed dataset as for the above mentioned study was used (standardised anomalies), but only the years 1982-2001 were included in the analyses. The same is true for the accumulated growing degree days (GDD) temperature data, consisting of interpolated homogenised station data from 12 meteorological stations in Switzerland. Empirical orthogonal function (EOF) time series of snow depth (accumulated daily new snow depths in the December-February period) were used as published in Scherrer et al. (2004) .
Satellite dataset
The NDVI was calculated from the red (VIS) and nearinfrared (NIR) reflectance measured by satellite radiometers by taking the ratio:
In this study, we used the 1982-2001 EFAI-NDVI dataset (Stöckli and Vidale 2004) , which offers continuous and consistent NDVI time-series at a 10-day interval over Europe at a 0.1°spatial resolution. It has been derived from the NOAA/NASA Pathfinder NDVI dataset (James and Kalluri 1994) by application of second order discrete Fourier series. The original satellite data are corrected for Rayleigh scattering, ozone absorption and instrumental degradation. They are not corrected for the influences of solar zenith angle, water vapour and aerosols.
During the dormant season, the NDVI of deciduous broadleaf vegetation is low (<0.2). It increases rapidly (to values >0.5) at the beginning of the growing season. NDVI is able to exploit the large-scale state of vegetation, but it cannot be directly compared to bud-burst or flowering dates of individual ground-observed plants. There are, however, a number of methods to derive, e.g., the start of the season (SOS) from NDVI time-series as described in Reed et al. (1994) , White et al. (1997) , Schwartz et al. (2002) , Jonsson and Eklundh (2002) and White et al. (2005) , and we have used the following two ( Fig. 1 
):
Threshold method A threshold is defined for each pixel as the midpoint between the minimum and the maximum NDVI value of the whole time-series. In each year, the first crossing of this threshold marks the SOS. Since the NDVI is a measure of photosynthetic activity, this threshold- derived SOS provides a date when the pixel-integrated vegetation has reached a specific phenological state ( Fig. 1 : dashed lines). This method uses a time-constant threshold, but is sensitive to spatial variations. It may, however, be susceptible to aerosols and satellite orbital drifts which can influence the NDVI.
Slope method This method is based on the first derivate of the NDVI time-series. In each year, its maximum marks the SOS. This method focuses on the rate of increase in vegetation greenness during the transition period between the dormant and the active growing season. NDVI is very sensitive at low leaf areas indices. A fast increase (high slope) in NDVI during the spring period will likely represent the growth of new leaves and mark the SOS ( Fig. 1: dash-dotted lines) .
Comparison of ground-observed and satellite-derived data Both satellite-NDVI-based methods (Threshold, Slope) for deriving the SOS were applied to every 0.1°pixel over Switzerland for the time period 1982-2001. Groundobserved phenological data consisted of the multispecies index during the same time period, but were restricted to lower elevations. Therefore, values above 2,000 m (mean elevation within a particular pixel) were excluded from the satellite dataset to create a 'lowland' dataset for comparison.
The ranges of the date values are similar for all methods, but the relative large min-max difference is easier to explain for the observed data where the large range originates from the differences between very early and later phases ( Table 1) . The standard deviations show that there is clearly more interannual variability at the single pixels than at stations.
Statistical methodology
The most important patterns of the phenological year-toyear variability were identified by EOF (Bretherton et al. 1992) applied to the normalised multi-species dataset. EOF analyses are widely used in climate research to identify dominant patterns of variability and to reduce the dimensionality of the data (Hannachi et al. 2005) . The main purpose of EOF analyses is to reduce the number of variables in large datasets, while retaining as much as possible of the variation present in the principal components. The first few of the resulting variability patterns contain most of the variation present in the original dataset (Jollife 1986) . To compare the different datasets the focus is given on the primary variability patterns. The time evolution of the first principal component was used as a robust trend estimate (index) of the phenological development (Studer et al. 2005) . As a trend value for the whole country the mean value of the rescaled primary EOF pattern (Hartmann 2002 ) is given. Statistical analyses were performed using the S-Plus statistical software package (S-PLUS 2000).
Results
EOF analyses
The EOF analyses on the different SOS measures showed clear differences in the explained variance among the different phenological indices. The dominant pattern in the observed phenological data explained 69% of variance on the first four orthogonal functions (EOFs). For the threshold NDVI derived data, the proportion of variance on the first EOF was slightly higher with 53% explained variance on the first and 76% on the first four EOFs (Table 2) . Using the slope method resulted in a less clear partitioning. The omission of the higher elevated data points in the satellite data led to larger proportions of variance on the first EOF. The threshold lowland, as well as the climate datasets, showed the strongest partitioning with more than 70% variance concentrated in the first EOF.
Time evolution
All phenological parameters showed a distinct time evolution over the years 1982-2001 on the principal components (PCs) of the first EOF, indicating a tendency towards an earlier onset of spring. But the individual courses of the two satellite-derived data types varied considerably ( Fig. 2a,b ; Table 3 ). Omitting the higher elevated data points in the satellite data only led to minor changes in the temporal development. Both types of the threshold NDVI correlated strongly with the observed phenological development, but the slope NDVI less so. A noticeable contrast was obvious in the years [1988] [1989] [1990] . The observed index, as well as the threshold NDVI data, showed a shift towards an earlier onset of spring in these years. In contrast, the shift was not obvious and the trend towards earlier onset of spring was more continuous for the slope data. The leading PCs of the ground-observed phenology as well as the threshold NDVIs correlated very well with temperature, while for the slope NDVI the correlation was considerably lower (Table 3) . Similarly, the slope NDVI showed no relation to snow height, which is known to be a possible influential factor in satellite-derived vegetation indices. None of the measurements showed a close relationship to precipitation.
The trend values found on the first PCs were clearly higher for the NDVI data (5-8.6 days/decade) than for the observed phenology index (3.0 days/decade) ( Table 4 ). In contrast, the relative trends calculated on the standardised PC time series were very consistent.
The second order patterns did not show distinct temporal patterns and the correspondence among the second PCs was generally low (Table 5 ). The absolute trends in the second PCs were small, and both the absolute and the relative (Table 6 ).
Spatial pattern
The spatial pattern analysis was restricted to the complete threshold SOS data set, since omitting the higher elevation pixels did not reveal noticeable differences from the complete datasets, and the slope method proved to be less suitable for comparison with the ground-observed data. The second phenology pattern of the ground-observed data explained 10% of total variability. In contrast to the first EOF, no distinct temporal (Fig. 2c) , but an interesting regional, pattern was shown (Fig. 3b) . Stations in the northern part of the country tended to have more pronounced trends towards earlier onset of spring than stations in the south. In all satellite-derived phenology datasets, the northsouth pattern was present in both the 1st and 2nd EOF pattern.
The spatial pattern not only represented a north-south effect but also a clear altitude dependence of the trend towards earlier appearance dates. For both the observed as well as for the threshold NDVI, the altitude dependence appeared on the first two EOFs. For the observed phenology, the altitude effect was found mainly on the second order EOF while in the satellite data the first order EOF represented the main altitude effect (Fig. 4) . This altitude effect means that the mean trend value for the whole country is rather underestimated for lowland stations and rather overestimated for higher elevation sites. The distribution of the pixels in relation to altitude is somewhat biased by the lowland parts. This is not true for the stations of the ground observation network since the stations are deliberately selected to give an even spatial and altitudinal distribution.
Discussion
Traditional observational phenology and satellite-derived phenological metrics are very contrasting approaches with different advantages and disadvantages. Ground-observed phenology offers consistent information on development stages of single species, but the observations are unevenly spatially distributed. Satellite phenology provides a general measurement of the photosynthetic activity of the whole vegetation cover and offers full spatial coverage, but is affected by several factors, such as various atmospheric disturbances, solar radiation effects, cloud cover or snow cover duration (Ricotta and Avena 2000; White et al. 2005) . Since each pixel generally consists of several land cover types or species, it is important to acknowledge that the phenological events identified are representative of vegetation communities, rather than individual species. The multispecies phenology index used in this study is therefore assumed to be a good measurement for a comparison of the two methods (Studer et al. 2005 ). Our results demonstrate that there is good correspondence between the traditional observed phenology and the satellite approach to phenology. By means of multivariate statistics, the main trend towards earlier onset of spring and the dominant spatial patterns could be identified with all methods. The agreement on spatial variability shows that satellite-derived phenology can assist in interpreting ground data of low coverage. Nonetheless, the methods also showed considerable differences.
Although the pattern of the trend towards earlier SOS dates was shown by all metrics, the absolute values differed substantially. The satellite-derived trend values were clearly higher (slope: 5.4; threshold: 8 days/decade) than the ground observations (3 days/decade). Myneni et al. (1998) found a very strong trend towards earlier SOS dates for the short period between 1982 and 1990 for the northern hemisphere (8 days/decade), but trends based on different time periods are difficult to compare, especially if the trend is mainly due to a shift in level (1989) (1990) , as it is in the current case, than to a continuous change. In another global scale study, (Zhou et al. 2001) found smaller trends by means of satellite phenology for the same time period (3.5 days/decade for Europe and Asia and 4.7 days/decade for northern North America). However, the very consistent relative trends for all measures indicate that the differences in the absolute values are due to the stronger interannual variability within the satellite data. The NDVI derived from AVHRR data is known to be sensitive at low leaf area indices during a green-up (Zhang et al. 2004) , implying that the satellite signal possibly measures an earlier state of spring green-up with a stronger interannual variability than the multispecies index based on ground observations. Regarding the descriptive statistics in Table 1 this theory is not confirmed by our data. Further analyses of the raw The slope method to calculate a spring onset parameter on the basis of satellite-derived data is considered to be ecologically more meaningful, because it does not require the use of arbitrarily defined thresholds to identify phenological transition dates (Zhang et al. 2004 ). Threshold and slope-derived SOS are suggested to be comparable (White et al. 1997 ), which could not be confirmed in our study. The slope-derived SOS revealed considerable deviations in the temporal development from the thresholdderived SOS. This difference was especially apparent in years with little snow.
Snow cover is known to be a factor of great importance in measuring the onset of photosynthetic activity in spring (Ricotta and Avena 2000; White et al. 2005) . The threshold method showed a fairly strong correlation with snow cover, while the slope method did not show any relation with snow cover (Fig. 5 ; Table 3 ). The slope method deviates from both the threshold and ground observed SOS dates especially in years with little snow and rather mild temperatures. These conditions favour a very early onset of spring and were most pronounced in winter [1989] [1990] (Fig. 5) . In Fig. 5 Time evolution of the leading two principal components of the two satellite NDVI parameters, temperature and snow height Fig. 4 Fig. 1 , the two methods are compared for two sample years with very different winter and spring climates. The threshold-derived SOS (dashed vertical lines) uses the same phenological (photosynthetic) state of vegetation for both years: a state which is reached much earlier in 1990 than in 1986. The slope-derived SOS (dash-dotted vertical lines) possibly captures snow-melt in 1986 (high slope, leaves appearing under the melting snow) and leaf-out in 1990. It erroneously predicts an early green-up in 1986. The threshold method proved to be more robust to derive SOS and is less susceptible to the well known snow contamination effects in NDVI time-series.
The satellite-derived SOS estimation not only proved to be able to reflect the temporal development of plant phenology in spring, but also confirmed the spatial pattern found for the ground-observed spring onset index developed by Studer et al. (2005) , although the temporal and the spatial pattern were not as clearly separated by the leading EOF patterns. Both methods detected weaker trends at higher altitudes. For temperate ecosystems, spring green-up is mainly driven by temperature. In alpine ecosystems at higher altitudes, other factors such as precipitation (Studer et al. 2005) , frost, radiation, snow cover duration, and also plant physiological properties such as dormancy or chilling requirements, may be limiting plant development in spring. But the background of such interrelationships cannot be identified by this study. A starting point for further investigations might be given by Zhang et al. 2004 . They found that the number of chill days (days with daily mean temperature<0°C during the period from the start of dormancy to bud burst) is negatively correlated to the accumulated temperature needs (GDD). A general warming leads to less chill days, mainly at high altitudes, and therefore the temperature needs (GDD) increase. This might inhibit an earlier onset of spring at higher altitudes.
Conclusions
In general, this study showed that satellite-derived phenological SOS estimations are comparable to the integrative multispecies spring index based on phenological ground observations. The absolute trend value is smaller for the ground-observed index (3 days/decade) than for the satellite NDVI indices (slope: 5.4; threshold: 8 days/decade). Normalised by their interannual variability all methods are very consistent and show a trend close to 1/decade.
From the two tested satellite-derived metrics, the threshold method correlated better with the temporal development of the ground-observed phenology index and the temporal pattern of the integrated spring temperature.
Snow anomalies may contribute to the deviation of the slope SOS estimate from the temperature-driven phenological development. The slope method did not reflect several years with a very early spring onset due to very little snow and warm temperatures. The two satellite-derived SOS measures seem to represent different stages of spring onset with a different year-to-year behaviour. The threshold method is therefore better able to represent the temperature dependent temporal pattern of observed phenology.
The good correspondence of the temporal variability and the spatial patterns of ground and satellite phenology demonstrate that they may complement each other. The precise temporal information of ground phenology can be merged with the continuous spatial coverage of satellite phenology. For instance, satellite phenology may be used to explore the complex ecophysiological responses of plant development at higher altitudes, discussed above.
Newer and more sophisticated satellite NDVI datasets (Zhang et al. 2003 ) from sensors like MODIS (MODerate resolution Imaging Spectroradiometer) with good inflight and pre-calibration technology (Vermote et al. 2002) and accurate snow masks could bring a considerable improvement (Chen et al. 2005) . However, such data have only been available since early 2000.
